at its upper end. This is held in the rod, Q, by a small grubscrew. By this means the whole anode assembly is easily taken apart for cleaning and changing. The anode is terminated at its lower end, t in. above the planchet holder, by a glass bead 0-02 in. in diameter.
The helium gas, after passing through dry ethanol, as described above, is admitted to the counting chamber via a channel within its wall (at U) and the insulator carrying the mounted anode. The gas escapes around the planchet through twin orifices, V, inthe base ofthe planchet holder and thence via a series of drill holes, W, in the plates, as shown in the diagram of the section between stations. The opening into this channel is sealed by the planchet holder in the lowered position during the transfer of samples. The gas channels lead the gas issuing from the counting chamber over and around the second planchet holder (the preflushing position) and finallyoutthroughthe bubbler. This bubblerserves the triple purpose ofmaintaining a positive seal on the outlet of the gas system, maintaining a pressure slightly above atmospheric within the system and enabling the rate of flow of gas to be observed. OPERATION
The helium gas is turned on and adjusted to give a flow of about 4 bubbles/sec. The first sample is loaded into the planchet holder facing the aperture in the top plate. The lower plate is rotated through 1200 and the second sample loaded into the second holder, which is now opposite the opening. The turntable is again rotated; a third sample is loaded in the same way, the lever is operated to raise the planchet holders and complete the sealing of the chamber and the loading aperture is closed with a Perspex cover (X). After approximately 20 min. the gas flow may be reduced to 1 bubble/sec. and counting commenced. To change samples, the lever is operated to lower the planchets and the turntable is again rotated through 1200. This brings the second (preflushed) sample under the counting chamber, the third into the preflushing position and the first into the loading position, from which it may be removed and replaced by a fourth. The lever is again operated to raise the planchet holders and seal the base of the counter; provided that the second sample has been prefiushed for not less than 1 min., counting may be recommenced immediately.
RESULTS
The counter has a threshold of 1150v, and a plateau of 200-500v, according to the length of time for which the gas has been flowing through the counter. The average slope of the plateau is usually about 2 %/lOOv. The pulses may be fed directly into any suitable conventional recording unit; the results quoted have actually been obtained with a Panax 100C combined EHT and scaler unit.
No absolute measurements have been made of the efficiency for 14C or 35S, but samples containing either ofthese isotopes, mounted on nickel planchets (G.E.C. Ltd.) of 1-76 cm.2 area, give count rates three to four times that when the samples were counted under a commercial mica-window Geiger counter (G.E.C. type EHM2S, or 20th-Century Electronics type EW3H, window thickness about 2 mg./cm.2). The use of the windowless counter for determination of tritium is discussed, and an estimate of its efficiency given, by Banks, Crawhall & Smyth (1956) .
The background count rate, when the chamber is surrounded by 1 in. of lead, is 4-6/min. SUMMARY 1. The construction of a windowless Geiger counter for the assay of soft ,B-emitting isotopes is described.
2. The counting gas mixture is arranged to flush air from a second sample while the first is being counted.
3. The counter has a low background count rate; for 14C or 35S its efficiency is three to four times that of commercial thin-window Geiger counters, and it may also be used for measuring 3H. Rittenberg (1935) discussed the possibility of using an uncommon isotopic form of an element as a tracer in biochemical research, and introduced methods for using the stable isotope of hydrogen, deuterium, as a label, which they applied in the study of fatty acid metabolism. These workers, and many others, have since applied the technique of deuterium labelling to many problems of metabolism in a wide variety of fields. Recently a radioactive isotope of hydrogen, tritium, has become readily available. Radioactive isotopes are in general more valuable than stable isotopes as biochemical labels, as the methods for assay of radioactive isotopes are more sensitive than those available for the quantitative determination of the relative abundances of isotopes differing in mass alone.
The detection and estimation oftritium, however, presents unusual problems, since the isotope decays with the emission only of fl-particles of very low energy. The maximum energy of these particles is 0-018 Mev (Hollander, Perlman & Seaborg, 1953) , whereas the maximum energies of the fl-particles of the two radioactive isotopes 14C and MS are 0-155 and 0-167 Mev respectively (Hollander et al. 1953) . As a result of the very low energy of the fl-particles from tritium, corresponding to a limiting range of only 0-23 mg./cm.2, none ofthis radiation penetrates even the thinnest ofmica windows ofa conventional Geiger counter.
There are three distinct techniques which have been used to overcome this difficulty. developed a method for the assay of tritium-labelled solid substances in a windowless flow-type counter, using a special spreading technique to obtain very thin layers of the radioactive material. We hoped that such tritiumlabelled substances could be assayed rapidly and accurately in the form of thicker layers which could be prepared simply by compressing the samples on planchets (cf. Popjak, 1950) , and this method of assay has now been satisfactorily developed. It has been suggested that as a result of the very weak fl-emission of tritium the observed count rates obtained with tritium-labelled compounds might be affected by their crystal structures. We have investigated this possibility and also the effect of the presence ofa heavy metal in a sample on its apparent specific activity.
A second technique for the assay of tritiumlabelled substances has been described by Hayes & Gould (1953) . In this method, the sample to be assayed is dissolved in a solvent containing a liquid phosphor, and the disintegrations are recorded with a scintillation counter.
The third method of estimating tritium activities involves the conversion of a sample of the material containing the isotope into either hydrogen or a volatile compound ofhydrogen, which is introduced directly into the counter. By this gas-counting method a much higher proportion of the emitted f-particles can be detected. Some previous workers have used water vapour (Pace, Kline, Schackman & Harfenist, 1947; Butler, 1955; Cameron, 1955 ) and hydrogen gas (Bernstein & Ballantine, 1950) in this manner. Neither ofthese gases is entirely suitable as a counter-filling gas; so other workers have converted the water vapour obtained by combustion of tritium-labelled substances into various volatile hydrocarbons, which show more favourable counting properties. Methane (White, Campbell & Payne, 1950; Robinson, 1955) , butane (Glascock, 1951) and acetylene (Wing & Johnston, 1955) have been used. This subject has recently been reviewed by Glascock (1954) . We have investigated the method of White et al. (1950) , and developments of their original technique will be described.
MATERIALS AND METHODS Estimation of tritium with a windowless flow-type counter
The dry solid samples for assay were ground in an agate mortar and pressed on a recessed nickel planchet (area 1-76 Cm.2) with the end of a cylindrical metal rod. It was found that 20 mg. was the minimum weight of a powdered solid which could be easily pressed into a uniform layer on these planchets. The sample (10 mg.) and powdered graphite (10 mg.) were ground together and pressed on a planchet as described above. The planchet was then introduced into a windowless flow-type counter constructed in this Laboratory (Banks, Blow & Francis, 1956 ). This counter was used in conjunction with a Panax 100 C recording unit. The counter is normally operated with the tip of the anode wire I in. above the surface of the sample. It was found that the observed count rate of tritium-labelled compounds was increased by 65 % by lowering the anode wire until the tip was only * in. above the sample without appreciably altering the length and slope of the counter 'plateau'.
Estimation of tritium as methane
Oxygen from a cylinder was passed successively through a sulphuric acid bubbler, an oil-flowmeter, a tube containing magnesium perchlorate (Anhydrone, British Drug Houses Ltd., M.A.R. grade) and a second tube containing Carbosorb (British Drug Houses Ltd., M.A.R. grade). This purified oxygen was then passed over the sample to be assayed in a combustion tube of the type generally used in the microanalysis of samples for carbon and hydrogen content. The tube was packed with copper oxide (M.A.R. grade) held in position with silver wool. This portion of the combustion tube was heated by an electric furnace. The sample was heated by a separate furnace which travelled along the tube during the combustion. The products of combustion of the sample to be analysed were drawn from the combustion tube into the manifold tube (constructed by A. D. Wood and Co., 12 Skinner Street, London, E.C. 1) shown in Fig. 1 . The rate of flow of gas was controlled by the tap A, which has a grooved key (Arrol & Glascock, 1948) , and was adjusted so that the pressure in the cooling coils was about 2 mm. Hg. These cooling coils were immersed in a mixture of solid carbon dioxide and ethanol. When the combustion was complete, the cooling mixture was removed from the coils and transferred to cool the 100 ml. round-bottomed flask B, which contained powdered aluminium carbide (Baird Chemical Corporation, 254 West 31st Street, New York), previously heated under vacuum to remove adsorbed gases. After 5 min., when all the water had been transferred from the cooling coils to flask B, the spring-loaded tap C was closed. The flask and tap were removed from the manifold line, and light springs were attached from the tap to the flask. The flask was then heated over a Bunsen flame and at the same time gently agitated by a mechanical shaker. A thermometer suspended in the flask under comparable conditions registered 1200. Under these conditions, the 412 I956 reaction was complete within 1 hr. The flask was then reattached to the manifold line at tap D, the methane was transferred by means of a Topler pump to the calibrated gas burette E, and its pressure was measured on the manometer F. At this stage it was possible to add inactive methane (obtained from Petrochemicals Ltd., Manchester, and used without further purification) from the reservoir G. This may be necessary if the volume of gas obtained from the sample is insufficient to fill the counter tube to the standard pressure, or if it is suspected that the activity of the sample is too high for counting. The tap H was turned so that methane could flow from the reservoir G into the gas burette. This tap was then closed and the pressure of gas in the burette was again measured. The tap J, connecting the gas burette with the counter tube (20th-Century Electronics, Type GA3), was opened and the mercury from the Topler pump was allowed to rise. In order to raise the mercury up to the tap J, it was necessary to apply a pressure to the mercury in the Topler pump reservoir. The counter tube was filled to a pressure of 20 cm. Hg (for the effect of gas pressure on the characteristics of methane-filled counters, see White et al. 1950) . The counter was disconnected from the manifold line, placed in a castle constructed of 2 in.-thick lead bricks and connected to the electronic recording circuit. This consisted of a high-frequency head amplifier and linear amplifier (Ecko Type 1049 B) which were operated at an overall amplification of 15 800, differentiation and integration time-constants both of0-8 ,sec., a stabilized extra high-tension unit (Panax Type P. 3000), and a decade scaling unit (Panax Type 100 S). The counter was operated in the proportional region and had a threshold at 1550v with the methane filling at a pressure of 20 cm. Hg. The voltage characteristic had a plateau of 400v with a slope of 1% per lOOv. The background was approximately 30 counts/min. 
RESULTS
Preparation of samples for assay with the windowlessfiow-type counter The first tritium-labelled compound we prepared was DL-[ocP-8H]valine. When a sample of this substance was pressed on a nickel planchet and counted in a windowless flow-type counter, the count rate observed on different occasions varied by as much as 20 %, i.e. ten times the standard deviation. More recently, this phenomenon has again been observed with biosynthetic tritium-labelled penicillin and has occurred to a less extent in tritium determinations on other compounds. Samples ofDL-[m-3H]cystine, on the other hand, gave count rates which were reproducible within the standard deviation. When the samples were mixed with an equal weight of graphite before plating, however, the observed count rates were readily reproducible in all cases. These results are summarized in Table 1 . The minimum weight of graphite necessary to stabilize the count rate varied with the sample. In many cases the addition of an equal weight of graphite was in excess of the minimum required, but it was convenient to employ a standard procedure so that the observed count rate of one sample could be readily compared with those of other samples. This technique has been applied to the following tritium-labelled compounds with excess of aluminium carbide (1 ing methane was transferred tc described above. The volume sufficient to fill the countertube pressure of 20cm. Hg. A count i observed. Since the number ol by such a sample is 2-02 x 1 efficiency of the gas-counting mately 25 %. During the conv methane, one-half of the hydro in the formation of aluminitu maximnum possible efficiency of
The yields of methane an' count rates obtained from c valine are given in Table 3 . Ine of gas obtained was greater required to fill the counter at Hg. The observed count rateM of the weight of valine subjecte practice the minimum weight this method is 24-4 mg.
The efficiency ofthe windowl was determined by assaying D in the windowless counter ar counting method. A sample, valine (10 mg.) and the gra found to give a net count ral windowless counter. A sampl (24-4 mg.), assayed by the gas gave a count rate of 2267/min. of the latter method is app follows that under these condi counter has an efficiency of ap :re carried.out on Geiger counter extends beyond the end of the anode y the. U.K. Atomc wire for a short distance, but does not necessarily L Tritiated water extend as far as the window. In our windowless allowed to react with counter, the sample occupies approximately the *0 g.), and the result-position of the window in a conventional counter, ) the counter tube as and may therefore not be within the sensitive of gas obtained was volume unless the end of the anode wire is very (25 ml. capacity) toa close to it. This is unimportant in the counting of rate of 5070/mm. was 14C or 5S, as their,-particles have sufficient energy f p-particles emitted to reach the sensitive volume without significant 04/min., the overall absorption in the intervening gas. With tritium, method is approxi-however, considerable losses may occur in this way, gersion of water into so it is essential that the end of the anode wire shall gen molecules is lost be as close to the sample as possible.
nhydroxide; s0 the The tendency toward instability in the counter is 'lthi me tod is 50 considerably increased by lowering the anode wire, di the corresponding as the anode, which is at a high potential, will be ilifferent weights of brought very close to the sample, which is at earth tachcase, thevolume potential. In practice it has been found that the than the minimum distance between the sample and the insulating a pressure of 20 cm. bead on the end of the anode may be reduced to vas thus independent * in. provided that the bead has been carefully 3d to combustion. In examined under a microscope and found to be free of valine required m from imperfections.
It was shown in Table 1 G. SMYTH I956 normal distribution. A second possible explanation is that a static electric charge builds up on the surface of the sample which, by exerting a repelling force on the fl-particles travelling toward the anode wire from beneath the surface of the sample, prevents some of the weaker radiations from reaching the active counter volume. The observed effect could arise from either of these possibilities or from a combination ofthe two, and would be common to all windowless counters; but the effect would be most pronounced in tritium emissions, where the mean free path of the particles is very short and the energy of the particles very low. reported an efficiency of 2*5 % in their estimation of tritium on a windowless counter. The method described above has reduced this efficiency still further, both as a result of counting samples at much greater thicknesses and of adding graphite to the samples; but in view of the very high specific activities that can be introduced into organic molecules with tritium as a label, the disadvantage of this loss of efficiency is outweighed by the ease and rapidity with which thicker samples may be prepared. Crawhall & Smyth (1955) described a method of synthesizing tritiumlabelled valine having an activity of 14 mc/m-mole, though a greater activity could have been obtained by a similar procedure. Since tritium-labelled valine having an activity of 0O14,uc/m-mole had a count rate of 80/min. in the windowless counter under the conditions described here, this product could still be accurately assayed after an overall isotope dilution of 105. The count rate of such a sample analysed by the gas-counting technique would be 80 times that observed on the windowless counter, so tritium-labelled valine could still be successfully assayed by the former method after a dilution of 8 x 106. However, the gas-counting technique has the disadvantages both of being much slower and ofinvolving the destruction ofthesample. The gas-counting technique described above is a modification of the method of White et al. (1950) . The modifications we have introduced make it possible to carry out an analysis on much smaller quantities of material and to measure quantitatively the volume of methane gas obtained. The minimum weight of sample which can be analysed successfuly is determined partly by errors arising from the dilution of radioactive with inactive methane. An analysis of cholesterol (8 mg.) gave rise to 50 ml. ofmethane at a pressure of 4-4 cm. Hg. As the manometer is graduated in millimetre divisions, the error in diluting this sample should not be greater than 5 %. It can be seen from Table 3 that the experimental error without dilution of the gas sample is of the same order; so in this case 8 mg.
of cholesterol is about the miniimum which can be subjected to combustion without decreasing the accuracy of the analysis. In general, the minimum weight which can be accurately assayed will depend on the hydrogen content of the compound concerned. SUMMARY 1. A method of estimating tritium in infinitely thick solid samples in a windowless flow-type counter is described. 2. It is shown that in this apparatus the observed count rates of tritium-labelled compounds are directly proportional to their specific activities, provided that the samples are rendered electrical conductors by first mixing them with graphite.
3. The ratio between the observed count rate and the specific activity of the compound is not significantly affected by the presence of a silver atom in the molecule.
4. Some modifications to the counting technique of White et al. (1950) , in which tritium is assayed as methane gas, are described.
5. The relative values of gas-counting and solidcounting techniques for tritium are discussed.
